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homeostasis have been implicated. By recording directly from the native cilia of mIMCD-3 cells, a murine cell line of renal epithelial origin, we have identified a second Ca 2ϩ -gated channel in the ciliary membrane: the transient receptor potential cation channel, subfamily M, member 4 (TRPM4). In excised primary cilia, TRPM4 was found to have a low sensitivity to Ca 2ϩ , with an EC50 of 646 M at ϩ100 mV. It was inhibited by MgATP and by 9-phenanthrol. The channel was not permeable to Ca 2ϩ or Cl Ϫ and had a permeability ratio PK/PNa of 1.42. Reducing the expression of Trpm4 mRNA with short hairpin (sh) RNA reduced the TRPM4 current by 87% and shortened primary cilia by 43%. When phospholipase C was inhibited, the sensitivity to cytoplasmic Ca 2ϩ greatly increased (EC50 ϭ 26 M at ϩ100 mV), which is consistent with previous reports that phosphatidylinositol 4,5-bisphosphate (PIP2) modulates the channel. MgATP did not restore the channel to a preinactivation state, suggesting that the enzyme or substrate necessary for making PIP2 is not abundant in primary cilia of mIMCD-3 cells. The function of TRPM4 in renal primary cilia is not yet known, but it is likely to influence the apical Ca 2ϩ dynamics of the cell, perhaps in tandem with TRPP2. primary cilium; TRPM4; polycystic kidney disease; TRPP2
MANY CELLS IN THE BODY, WHEN they are not dividing, possess a single primary cilium (72, 81) . The primary cilium is a thin projection that extends from the surface of the cell. Defects in primary cilia have wide-ranging deleterious impacts on human health (7) . Often, though, the specific functions of primary cilia in health and disease are not well understood. Primary cilia are believed to be cellular antennae that detect chemical, mechanical, osmotic, and gravitational stimuli (7, 28, 51, 61, 73) . The membranes of various primary cilia have ion-conducting channels (4, 16, 18, 28, 37, 46, 60, 68, 85 ; see Refs. 36 and 62 for review). It is apparent that activity of channels in a cilium may have substantial consequences for the entire cell. During flow sensing, for example, renal epithelial cells show a large cellular Ca 2ϩ increase that requires the cilium, external Ca 2ϩ
, and the channel subunits TRPP2 and TRPV4 (37, 52, 63, 64) . TRPP2 (also known as polycystin-2 or PC2) and TRPV4 are members of the TRP family of channel proteins and conduct Ca 2ϩ (27, 30) . In general, opening of ciliary channels should have two consequences. First, some channels allow entry of Ca 2ϩ , which modulates many cellular processes. Second, opening or closing of ciliary channels can change the membrane potential, which in turn may influence voltage-dependent processes such as electrogenic ion transport. Whether these effects are confined to the cilium itself is an area of active investigation (48) .
Several renal cystic diseases are caused by mutations in ciliary proteins (9, 23, 77) . Nearly all cases of autosomal dominant polycystic kidney disease result from mutations in TRPP2, a channel protein found in the cilium (4, 37, 46, 60, 85) , or PC1 (polycystin-1), a ciliary membrane protein that interacts with TRPP2 (27, 60, 65, 70, 78, 85) . In the absence of PC1 or TRPP2, the presence of the primary cilium exacerbates the cystic phenotype (45) . It is believed that aberrant Ca 2ϩ homeostasis contributes to polycystic kidney disease (1, 38, 52, 75, 83 ; for a review see Ref. 12) . In particular, control of apical Ca 2ϩ entry is proposed to affect cyst formation (75) . Channels in the primary cilium provide one possible route for apical Ca 2ϩ entry. Because of the primary cilium's small size, though, it has been difficult to learn exactly how it contributes to the initiation, amplification, and termination of Ca 2ϩ signals in renal epithelial cells.
In a preliminary study, we described two channels in the cilia of mIMCD-3 renal epithelial cells that are activated by cytoplasmic Ca 2ϩ and by depolarization (33) . Here we report that one of these is a TRPM4-dependent channel. TRPM4 is a voltage-dependent, Ca 2ϩ -activated channel that conducts monovalent cations and is expressed in many tissues, including the kidney (50) . TRPM4 currents have been identified in many cells, including HEK-293 cells (2, 41) , Chinese hamster ovary cells (84) , pancreatic ␤ cells (13, 47) , and vascular smooth muscle cells (19, 69) . However, TRPM4 has not been previously identified in a primary cilium, nor has a role for TRPM4 in renal physiology been described. We discuss possible roles for TRPM4 in Ca 2ϩ signaling in the renal primary cilium.
MATERIALS AND METHODS
Electrical recording. Electrical recordings were made from primary cilia of mIMCD-3 cells as described previously (33) . In short, mIMCD-3 cells (murine epithelial cells from the renal inner medullary collecting duct, CRL-2123, American Type Culture Collection, Manassas, VA) (67) were cultured on beads that were free to move in the recording chamber. Suction was applied to a recording pipette so that a single primary cilium entered the pipette. After a resistance of at least 1 G⍀ formed between the membrane and the pipette, the cilium was excised from the cell. This left the cilium inside the recording pipette in the inside-out configuration. The pipette containing the cilium could then be transferred among different solutions that bathed the cytoplasmic face of the membrane.
During recording, the beads coated with cells were stored in a standard external solution ( Table 1) . The recording pipettes also contained this solution except as noted. For every cilium, a control current was measured with the cytoplasmic face of the cilium bathed in a solution with free Ca 2ϩ buffered to 0.1 M (Table 1) . Currents measured in this solution were taken to represent leak and capacitive currents. In all figures and analyses shown except for Fig. 1A , this current has been subtracted. To activate TRPM4 currents, cytoplasmic solutions contained from 0.3 M to 10 mM free Ca 2ϩ as noted. A minority of the cilia showed a large-conductance channel that is also activated by voltage and by cytoplasmic Ca 2ϩ but reverses at a negative potential (33) ; those cilia were excluded from the present study. For some recordings as noted, inside-out excised patches of apical membrane were used instead of cilia. All recordings were done under voltage-clamp at room temperature (24°C). The recording pipette and chamber were coupled by Ag/AgCl electrodes to an Axopatch 200B patch-clamp amplifier with a CV203BU headstage and Digidata 1200A BNC data-acquisition system, controlled by pCLAMP 5.7.1 software (all from Axon Instruments/Molecular Devices, Sunnyvale, CA). The pipette was positioned with a Narishige MHW-3 hydraulic micromanipulator (Narishige, Tokyo, Japan). During acquisition, currents were low-pass filtered at 2 kHz and digitized at 5 kHz. As described elsewhere (34) , corrections were applied for each of two liquid junction potentials. The first, which was Ͻ5 mV, existed between each cytoplasmic bath and its salt bridge. The second potential existed during the patch procedure whenever the pipette solution was different from the solution bathing the cells. The largest such correction was 7 mV between high-Ca 2ϩ (pipette) and standard (bath) external solutions. All potentials are given as membrane potential (i.e., cytoplasmic relative to external). Except as noted, the holding potential between recordings was 0 mV. Software for analysis included Origin 7.0 (OriginLab, Northampton, MA) and QuB 1.5 (www.qub.buffalo.edu, State University of New York, Buffalo, NY).
BAPTA or dibromoBAPTA was used to buffer the concentration of free Ca 2ϩ in the range 0.1 to 3 M (Table 1) . In buffered solutions, concentrations of free Ca 2ϩ were estimated by the method of Bers (8) as described previously (35) . No Ca 2ϩ buffer was added to solutions with free Ca 2ϩ in the range 30 M to 10 mM. U-73122 hydrate, 9-phenanthrol, ATP, and BAPTA were purchased from Sigma-Aldrich (St. Louis, MO). U-73122 and 9-phenanthrol were initially prepared as stock solutions in dimethyl sulfoxide (5 mM U-73122, with warming; 100 mM 9-phenanthrol). The final concentration of dimethyl sulfoxide present at the cilium was 0.1 or 0.2% (vol/vol).
DibromoBAPTA was purchased from Molecular Probes/Invitrogen (Carlsbad, CA).
Knockdown of Trpm4 mRNA. To confirm that we were recording from TRPM4, we generated a cell line in which Trpm4 mRNA was stably knocked down by lentiviral transduction of short hairpin RNA (shRNA) plasmids into the mIMCD-3 cell line. As a control, we generated a cell line transduced with a non-target control shRNA plasmid (i.e., one not expected to knock down any mammalian mRNA). The sequence of the murine Trpm4 knockdown shRNA (TRCN0000068683, Sigma-Aldrich) was CCGGCCTGGGTAAT-GTGGTCAGTTACTCGAGTAACTGACCACATTACCCAGGTT-TTTG. The sequence for the non-target control shRNA (SHC002, Sigma-Aldrich) was CCGGCAACAAGATGAAGAGCACCAAC-TCGAGTTGGTGCTCTTCATCTTGTTGTTTTT. Both were in the pLKO.1 vector. The plasmid was packaged in lentivirus by the Cincinnati Children's Hospital Lenti-shRNA Library Core. The mIMCD-3 cells (passage 19) were incubated overnight with the lentivirus and 8 g/ml hexadimethrine bromide. After transduction, selection was enforced by 2 g/ml puromycin dihydrochloride. To develop clonal lines, cells were diluted to 750 cells/ml and passaged into 96-well plates (1 l/well). After confirmation that a given well contained only one cell, medium was added and the cell lines were expanded. We prepared cell-coated beads with the Trpm4 shRNA knockdown (passages 24 and 25) and non-target control (passages 27 and 29) lines as described previously (33) except that puromycin was included. The electrophysiologist was not told whether he was recording from knockdown or nontarget control cells until analysis of the data was completed.
We used RT-quantitative (q) PCR to monitor the expression of Trpm4 mRNA in the wild-type, Trpm4 knockdown, and non-target control lines. Total RNA was extracted from cultured cells (RNeasy 74104, Qiagen, Valencia, CA), treated with DNase (EN0525, Thermo Fisher Scientific, Waltham, MA), and reverse-transcribed to cDNA with random hexamers (Maxima reverse transcriptase, EP0742, Thermo Fisher Scientific). For reverse transcription, DNase-treated RNA was added to a final concentration of 0.03 g/l. The RT reaction product was diluted 25-fold in water. For qPCR, each 15-l reaction contained 0.66 l of diluted RT reaction product. PCR was done with HotStart-IT SYBR Green qPCR Master Mix (75762, Affymetrix, Santa Clara, CA) and was followed on a OneStepPlus thermal cycler (Thermo Fisher Scientific) with an annealing temperature of 64°C. Primer pairs were selected using Primer-BLAST (National Center for Biotechnology Information, Database: Mus musculus refseq_rna). Primers were designed to cross at least one intron and to be specific for the gene of interest (Table 2) . Using LinRegPCR software (71), we determined the starting amount of mRNA transcript (N 0, in arbitrary fluorescence units) for each qPCR reaction/well in a 96-well plate. The efficiency of the PCR amplification was calculated for each reaction, and an average efficiency for a given primer pair was calculated. (Rare efficiencies that varied from the median by Ͼ2.5% were excluded from the calculation of the mean efficiency.) This mean efficiency was taken into account when calculating the starting amount of transcript (N 0). Relative expression of mRNA (the vertical axis in Fig. 5A ) was calculated by dividing N0 for the target transcript (Trpm4) by N0 for the reference transcript (B2m or Sdha). As negative controls, we used samples processed without RT or reactions with water in place of cDNA. The data were examined with a one-way analysis of variance followed by the all pairwise multiple comparison procedure: Tukey test (SigmaPlot, Systat Software, San Jose, CA). Three cell-culture passages (passages 26 -28) were analyzed for each of the three cell lines: wild-type, Trpm4 knockdown, (Table 1) . B: normalized TRPM4 current as a function of [Ca 2ϩ ]in at ϩ100 and Ϫ100 mV. This represents the same set of recordings shown in A, but for each cilium every current measured was normalized to the current in 1,000 M cytoplasmic Ca 2ϩ at ϩ100 mV, which was assigned a value of 100. Leak current was subtracted (part B only) as described in MATERIALS AND METHODS. Each line shown is the best fit to a Hill equation
, where I is the normalized macroscopic current, Imax is the maximum current, c is [Ca 2ϩ ]in, EC50 is the concentration for half-maximal effect, and n is the Hill coefficient. (Table 1) : high-Na
. Each of these contained 1 mM Ca 2ϩ . In all cases, the pipette contained the standard external solution, which is primarily NaCl. Each curve is the average of the relationship measured in 12 cilia. B: nonpermeability to Ca 2ϩ . Pipette solution contained 100 mM CaCl2 (Table 1 , high-Ca 2ϩ external solution). The cytoplasmic solution is shown in Table 1 as unbuffered Ca 2ϩ (with 1 mM CaCl2). The principal cytoplasmic cation was K ϩ (140 mM). The relationship shown is the average of the relationship measured in 4 cilia. For both A and B, leak current was subtracted as described in MATERIALS AND METHODS. and non-target control. Two to three wells per condition were used as technical replicates. Melt curves were used to confirm that only the targeted product was made. Sequencing confirmed the identities of the PCR products.
Determination of ciliary length and percentage of cells with cilia. The dye di-8-ANEPPS (D-3167, Life Technologies/Thermo Fisher Scientific, Waltham, MA) was chosen because of its ability to label the membrane of live cells; we did not use its voltage-sensing properties. mIMCD-3 cells were plated on 25-mm glass coverslips at 200,000 cells/ml, had been confluent for 6 -9 days, and were last fed 1 day before use. We mixed di-8-ANEPPS (1 l of a 1.7 mM stock in dry dimethyl sulfoxide) with 2.4 l of 10% Pluronic F-127 (P-6866, Life Technologies) and then added 497 l of standard external solution (Table 1) . Final concentrations of di-8-ANEPPS and Pluronic F-127 were 3 M and 0.05%, respectively. The cells were rinsed with standard external solution and then labeled with the di-8-ANEPPS for 20 min before being rinsed again with standard external solution. The coverslips were viewed in an Attofluor cell chamber (A-7816, Life Technologies) at room temperature. To document the ciliary length, images were acquired every 0.7 m from the cell body to just beyond the distal tip of the cilium. These image stacks were acquired using a high-speed confocal microscope (LSM 7 LIVE, Carl Zeiss, Oberkochen, Germany) with a 63ϫ/1.20 NA, C-Apochromat, water-immersion objective with voxel dimensions of 0.2 ϫ 0.2 ϫ 0.7 m and eight-bit depth. The 488-nm laser was used for excitation; the emission filter was a 505-nm long-pass filter. For both Trpm4 knockdown and non-target control cells, ciliary lengths were measured using passages 27 (6 -7 days after confluence, 11 days in culture) and 28 (7-9 days after confluence, 15 days in culture; 30 cilia for each strain and passage, total 120 cilia). The acquisition parameters were the same for all images except for a difference in digital offset for the two passages (0.008 for passage 28 and 0.015 for passage 27). Contrast was enhanced by the same amount for all images, and ␥ was kept at 1 using Zen 2012 (Zeiss). Ciliary length was measured in Imaris (Bitplane, Zürich, Switzerland) using the Slice" view and "polygonЉ 3-dimensional (3D) measuring tool. With Imaris, we measured the length by noting the position of a cilium in each slice of a stack of 2D, fluorescent images. That is, we used raw data, rather than maximum-intensity projections or other 3D visualization methods, to measure ciliary length. The person measuring was blinded to the cell type. Despite the fast acquisition, there was small movement near the tips of some of the cilia (see Fig. 6 ), but the measurements were not affected enough to explain the difference in ciliary length between the two groups. Figure 6 shows maximum projections made with LSM4.2 (Zeiss) and Zen 2012 software and processed in Photoshop 6.0 (Adobe Systems, San Jose, CA). To determine the percentage of cells with cilia, 749 cells from 12 image stacks were analyzed (3 stacks for each strain and passage). To be counted, the entire apical surface of the cell had to be present in the image stack.
Statistical analyses. Results of repeated experiments are reported as means Ϯ SE. Student's t-tests reported are two-tailed (SigmaPlot).
RESULTS
When the primary cilium is excised from an mIMCD-3 cell, one can record the ciliary transmembrane current. The recording configuration is equivalent to an inside-out patch, but in this case the patch consists of one whole cilium. In this configuration, high levels of cytoplasmic Ca 2ϩ activated a transmembrane current in most of the primary cilia tested. Fig.  1A shows the ciliary current-voltage relationship as the concentration of cytoplasmic Ca 2ϩ was increased from 0.1 M to 10 mM. The activated current showed mild outward rectification. The current was observed in 114 of 124 cilia tested; the mean current at ϩ100 mV in 1 mM Ca 2ϩ was 49.6 Ϯ 4.5 pA (n ϭ 88). The dose-response relationships for cytoplasmic Ca 2ϩ at Ϫ100 and ϩ100 mV are well-fit by Hill equations (Fig. 1B) , with parameters EC 50 ϭ 646 Ϯ 150 M and n ϭ 1.27 Ϯ 0.28 at ϩ100 mV and EC 50 ϭ 1,166 Ϯ 280 M and n ϭ 1.42 Ϯ 0.37 at Ϫ100 mV. The parameter EC 50 represents Table 1 ), then in the same solution plus 2 mM MgATP (red), and finally in the initial solution that lacked MgATP (blue). In all cases, the pipette contained the standard external solution. Bottom: mean Ca 2ϩ -activated current at ϩ100 mV in each of the 3 solutions, normalized to the value in the first solution. Current-voltage relationships and currents are averages from 5 cilia. B: block by 100 M cytoplasmic 9-phenanthrol. Procedures were the same as for A except that 100 M 9-phenanthrol replaced 2 mM MgATP. Current-voltage relationships and currents are averages from 10 cilia. For both A and B, leak current was subtracted as described in MATERIALS AND METHODS. http://ajprenal.physiology.org/ the Ca 2ϩ concentration for half-maximal activation of the ciliary current. The Ca 2ϩ -activated current was not exclusive to the cilium. In excised patches of apical cell membrane, each of 35 patches tested showed a Ca 2ϩ -activated current; the mean current at ϩ100 mV in 1 mM Ca 2ϩ was 40.6 Ϯ 5.1 pA. We determined the selectivity for monovalent ions of the ciliary Ca 2ϩ -activated macroscopic current. Excised cilia were tested in three cytoplasmic baths, each containing a different monovalent ion. In all cases, the external (pipette) solution was primarily NaCl. Voltage ramps from Ϫ100 mV to ϩ100 mV were applied in each solution (Fig. 2A) . In nearly symmetrical NaCl solutions, the reversal potential of the macroscopic Ca 2ϩ -activated current was, as expected, not significantly different from 0 mV (Ϫ2.2 Ϯ 2.2 mV, n ϭ 12; Fig. 2A, black) . When cytoplasmic NaCl was replaced with sodium methanesulfonate, the reversal potential was not changed (Ϫ1.0 Ϯ 2.0 mV, n ϭ 12; Fig. 2A, red) . Thus the channels do not select between Cl Ϫ and methanesulfonate Ϫ ; they are likely impermeable to anions. When cytoplasmic NaCl was replaced by KCl, though, the reversal potential shifted to Ϫ7.8 Ϯ 2.1 mV (n ϭ 12; Fig.  2A, blue) . This equates to a P K /P Na permeability ratio for monovalent cations of 1.42. We also recorded from excised cilia using a pipette (external) solution containing isotonic (100 mM) CaCl 2 and no K ϩ or Na ϩ . The average current-voltage relationship was not seen to reverse even at Ϫ100 mV (Fig.  2B ). This indicates that Ca 2ϩ is not a carrier of the Ca 2ϩ -activated current.
The properties of the ciliary current, activation by cytoplasmic Ca 2ϩ and permeability to monovalent but not divalent cations, are characteristic of TRPM4 and TRPM5 channels (43, 50) . Cytoplasmic ATP blocks TRPM4 channels exogenously expressed in HEK-293 cells (56 -58, 79) but does not block TRPM5 (79) . Figure 3A shows that MgATP reversibly blocked the current activated by 1 mM cytoplasmic Ca 2ϩ in excised cilia at ϩ100 mV. Mean current was reduced from 53.1 Ϯ 9.3 pA in 1 mM Ca 2ϩ to 8.6 Ϯ 2.0 pA in 1 mM Ca 2ϩ ϩ2 mM MgATP (n ϭ 23); the reduction was significant (P Ͻ 0.0001 by t-test for repeated measures). Only 82 Ϯ 4% of the current was blocked, which is close to the value reported elsewhere for TRPM4 (ϳ80%) (58) . We also tested the inhibitor 9-phenanthrol, which blocks TRPM4 (2, 24, 26, 29) but not TRPM5 (29) . At ϩ100 mV, 100 M 9-phenanthrol reversibly inhibited 85 Ϯ 13% of the total Ca 2ϩ -activated current (Fig. 3B ). In 10 cilia tested, mean current was reduced from 22.2 Ϯ 8.1 pA in (Table 1) were used; the cytoplasmic solution contained 300 M Ca 2ϩ . The recordings were low-pass filtered at 1 kHz following acquisition. Leak currents of 10 pA (ϩ80 mV) and Ϫ28 pA (Ϫ120 mV) were subtracted. B: single-channel current-voltage relationship. For each voltage, single-channel current was measured as shown in A. Solutions were as in A, except that both 100 and 300 M cytoplasmic Ca 2ϩ were used. The slope (single-channel conductance) is 17 pS at negative potentials and 31 pS at positive potentials. Numbers along the relation show the number of cilia studied at each voltage. C: block of single channels by 2 mM cytoplasmic MgATP at a membrane potential of Ϫ120 mV. The top recording was made in the standard cytoplasmic solution (Table 1) , the middle recording in cytoplasmic solution with 100 M Ca 2ϩ , and the bottom recording in the latter solution plus 2 mM MgATP. The dashed lines indicate the current levels when all TRPM4 channels were closed. The recordings were low-pass filtered at 700 Hz.
1 mM Ca 2ϩ to 3.4 Ϯ 2.1 pA in 1 mM Ca 2ϩ ϩ100 M 9-phenanthrol; the reduction was significant (P Ͻ 0.05 by t-test for repeated measures).
Current in apical cell patches was also inhibited by MgATP and 9-phenanthrol. On average, 2 mM MgATP inhibited 87 Ϯ 8% of the total Ca 2ϩ -activated current at ϩ100 mV. In nine patches tested, mean current was significantly reduced from 41.7 Ϯ 11.8 pA in 1 mM Ca 2ϩ to 3.1 Ϯ 1.4 pA in 1 mM Ca 2ϩ ϩ2 mM ATP (P Ͻ 0.02 by t-test for repeated measures). On average, 100 M 9-phenanthrol inhibited 90 Ϯ 4% of the total Ca 2ϩ -activated current at ϩ100 mV. In nine patches tested, mean current was significantly reduced from 52.5 Ϯ 7.5 pA in 1 mM Ca 2ϩ to 5.5 Ϯ 2.4 pA in 1 mM Ca 2ϩ ϩ100 M 9-phenanthrol (P Ͻ 0.0001 by t-test for repeated measures).
With cytoplasmic Ca 2ϩ at or below 300 M, it was often possible to observe single channels that likely underlie the macroscopic current (Fig. 4A) . Channel openings were more frequent at depolarized potentials (Fig. 4A) . In symmetrical solutions, the average single-channel conductance between Ϫ100 and ϩ100 mV was 23 pS. However, the conductance was higher at positive potentials than at negative potentials (Fig. 4B) . Like the macroscopic current, the single channels activated by cytoplasmic Ca 2ϩ were blocked by 2 mM cytoplasmic MgATP (Fig. 4C) .
As additional evidence that the Ca 2ϩ -activated current in mIMCD-3 cells is TRPM4 dependent, we knocked down Trpm4 expression in mIMCD-3 cells using shRNA. The percentage reductions of Trpm4 mRNA expression compared with wild-type were 59 and 48% using the B2m and Sdha reference genes, respectively, and were significant (Fig. 5A , P Ͻ 0.007, Tukey test). We compared the total Ca 2ϩ -activated current at ϩ100 mV in Trpm4 knockdown cells and in cells transfected with a non-target control shRNA. In both cell types, 1 mM cytoplasmic Ca 2ϩ activated some current that showed mild outward rectification (Fig. 5B) . At ϩ100 mV, the mean Ca 2ϩ -activated current in apical membrane patches was 33.1 Ϯ 7.3 pA (n ϭ 12) in non-target control cells and 4.2 Ϯ 0.9 pA (n ϭ 14) in Trpm4 knockdown cells (Fig. 5C ). This reduction was significant (P Ͻ 0.001 by t-test for independent measures). Each of the 12 patches from non-target control cells had a detectable Ca 2ϩ -activated current; in patches from knockdown cells, 12 of 14 cells had a detectable current. The mean current in apical membrane patches from the non-target control cells was not significantly different from that in apical patches from non-transfected cells (t-test for independent measures). For these studies, it was necessary to use apical membrane patches rather than cilia for both lines because cilia that were long enough for recording were rare in the Trpm4 knockdown line. We measured the lengths of live cilia from the two lines using the fluorescent membrane dye di-8-ANEPPS and a fast-scanning confocal microscope (Fig. 6) . The mean ciliary length for the non-target control cells was 11.6 Ϯ 0.7 m, while the mean ciliary length for Trpm4 knockdown cells was 6.5 Ϯ 0.6 m. This difference was significant (60 cilia/cell line; P Ͻ 0.001 by 2-tailed t-test of independent measures). Moreover, although the cells were plated at the same density and grown for the same length of time, the percentage of cells with cilia was significantly smaller for the Trpm4 knockdown cells (52 Ϯ 7%) than for the non-target control cells (75 Ϯ 4%; 6 fields/cell line, 749 cells, P Ͻ 0.03 by t-test for independent measures).
According to previous reports, the TRPM4 current depends on the holding potential before the measurement; there is more (Table  1) in apical membrane patches from cells in which TRPM4 was knocked down (KD) and in NTC. Pipettes contained the standard external solution. Leak current was subtracted as described in MATERIALS AND METHODS. C: mean Ca 2ϩ -activated current at ϩ100 mV in patches from each of the two cell types. Current-voltage relationships and currents are averages from 12 (KD) and 14 (NTC) patches. Fig. 6 . Ciliation in Trpm4 shRNA KD vs. control. mIMCD-3 cells that had been stably transduced with Trpm4 shRNA (A) had shorter cilia and were less likely to be ciliated than cells treated with the NTC shRNA (B). Cells from both lines were labeled with a fluorescent membrane dye while live, and stacks of images at various depths were acquired on a confocal microscope. Maximum-intensity projections of representative stacks are shown. The scale bar is the same for both the vertical (z, depth) and horizontal (x) axes.
inward current when the holding potential is more positive (54, 76) . We applied voltage jumps to potentials ranging from Ϫ100 to ϩ100 mV from a holding potential of Ϫ60, 0, or ϩ60 mV (Fig. 7, A-C) . We did not observe a significant dependence of the resulting currents on holding potential. More positive holding potentials yielded slightly more current (Fig. 7D ), but this difference was not significant.
It is generally found that TRPM4 currents inactivate or desensitize under some recording conditions and that the desensitization results from exposure to cytoplasmic Ca 2ϩ (25, 31, 53, 54, 56, 57, 76, 79, 86 ; see also Ref. 41 ). In excised cilia from mIMCD-3 cells, exposure to cytoplasmic Ca 2ϩ did cause an inactivation of the TRPM4 current. Exposure to 1 mM Ca 2ϩ for 5 min resulted in a reduction to 48 Ϯ 8% of the maximum current at ϩ100 mV (Fig. 8A, ) . In TRPM4-transfected HEK-293 cells, addition of a phospholipase C (PLC) inhibitor prevents inactivation of TRPM4 (53) . Since phosphatidylinositol 4,5-bisphosphate (PIP 2 ) increases the sensitivity of TRPM4 to cytoplasmic Ca 2ϩ (53, 86) , it is believed that Ca 2ϩ desensitizes (inactivates) TRPM4 by activating PLC, an enzyme that cleaves PIP 2 . Consistent with this, we found that addition of the PLC inhibitor U-73122 greatly reduced inactivation (Fig. 8A, OE) . The TRPM4 current was 78 Ϯ 5% of the maximum current after the cytoplasmic membrane of the cilium was exposed to 1 mM Ca 2ϩ ϩ5 M U-73122 for 5 min. As reported elsewhere (53), sensitivity to cytoplasmic Ca 2ϩ was much greater when PLC was inhibited (Fig. 8B) . We found that inhibition of PLC greatly reduced the EC 50 for cytoplasmic Ca 2ϩ , to 26 Ϯ 12 M at ϩ100 mV and 17 Ϯ 7 M at Ϫ100 mV, with Hill coefficients n ϭ 0.74 Ϯ 0.20 (ϩ100 mV) and 0.64 Ϯ 0.12 (Ϫ100 mV). It has also been reported that ATP restores the current to its preinactivation amplitude when applied between Ca 2ϩ applications (53, 86) , probably by enhancing the production of PIP 2 . However, we found that in excised cilia, addition of 4 mM MgATP to the cytoplasmic solution did not restore TRPM4 currents to preinactivation levels (Fig. 8A, at 480 ms) . After 5 min in 1 mM Ca 2ϩ followed by 90 s in 4 mM MgATP, the TRPM4 current was 25 Ϯ 7% of the maximum current.
DISCUSSION
We report that the primary cilia and apical membrane of mIMCD-3 cells have TRPM4-dependent channels. The channels and macroscopic current closely match those associated with TRPM4 in previous studies (50 . The underlying single channels have the expected unitary conductance. The macroscopic current desensitizes to Ca 2ϩ in a Ca 2ϩ -and PLC-dependent manner, and it decreases when Trpm4 expression is reduced by shRNA knockdown. mIMCD-3 primary cilia are already known to have TRP channel subunits TRPP2 (44), TRPC1 (4), and PKD2L1 (18) . A functional channel observed in mIMCD-3 cilia is very similar to a channel in another cell line that depends on both PKD2L1 and PKD1L1 (16) . To the best of our knowledge, TRPM4 has not been previously identified in any cilium.
Like TRPM4 currents, the ciliary currents described here are inhibited by cytoplasmic MgATP and by 9-phenanthrol. Neither blocker is highly selective for TRPM4. Among channels that conduct both Na ϩ and K ϩ (such as the one reported here), 9-phenanthrol blocks TRPM4 (2, 24, 26, 29) but not TRPM5 (29) , TRPM7 (32), TRPC3, or TRPC6 (26) . In smooth muscle, 9-phenanthrol also fails to block BK Ca , K IR , K V , or voltagedependent Ca 2ϩ channels (26) . On the other hand, 9-phenanthrol has been found to block K ϩ and L-type Ca 2ϩ channels in cardiac myocytes (74) The voltage protocol consisted of 400-ms test pulses to potentials ranging from Ϫ100 to ϩ100 mV (increment ϩ20 mV). Vhold between jumps was ϩ60 (A), 0 (B), or Ϫ60 mV (C). Leak current was subtracted as described in MATERIALS AND METHODS. For each cilium, all TRPM4 currents were normalized to the mean current at ϩ100 mV and Vhold at ϩ60 mV; this current was assigned a value of 100 arbitrary units (AU). The dashed lines indicate 0 current. All of the records shown are averages of determinations in 8 cilia. D: initial normalized currents from the jumps, the averages of which are shown in A-C.
(11) in smooth muscle. It activates a Ca 2ϩ -activated K ϩ channel in endothelial cells (22) . Cytoplasmic MgATP blocks TRPM4 but also TRPM6 and (as a source of Mg 2ϩ ) TRPM7 (14, 20) . Unlike the current reported here, TRPM6 and TRPM7 are permeable to Ca 2ϩ and have larger single-channel conductances (39 -186 pS) (6, 20) .
In HEK-293 cells, both the native and exogenously expressed TRPM4 currents have been extensively examined. In studies of inside-out excised membrane patches of HEK-293 cells, EC 50 for cytoplasmic Ca 2ϩ has ranged from 370 nM (58) to ϳ200 M (19) . Some native currents that appear to be TRPM4 dependent have still higher EC 50 values (e.g., 500 M) (42) . Our value for the native ciliary current is high (646 M at ϩ100 mV) but decreases to 26 M at ϩ100 mV when PLC is inhibited. In other reports, the sensitivity of TRPM4 to Ca 2ϩ has been found to depend on many factors, including the phosphorylation status of the channel (57), the availability of PIP 2 (53, 86) , whether the current is endogenous or exogenously expressed (2, 41) , and associated channel subunits. We have not determined whether the ciliary TRPM4-dependent channels include other subunits. In other systems, TRPM4 associates with TRPC3 (59) or with SUR1, which increases the channel's sensitivity to Ca 2ϩ (82) . In the renal primary cilium, the current-voltage relationship of the TRPM4-dependent current showed mild outward rectification (Figs. 1A, 2A, and 3) . When TRPM4 has been exogenously expressed, the degree of rectification has been variable. Strong outward rectification has often (29, 54, 55, 58, 76) but not always (41) been observed. After holding at a depolarized potential, voltage jumps yield instantaneous currents with little rectification (54, 76) . Treatment with PIP 2 or inhibition of PLC produces a nearly linear current-voltage relationship (53, 86) , as does deletion of a C-terminal calmodulinbinding site in TRPM4 (57) . Less is known about the currentvoltage properties of native TRPM4 currents. In vomeronasal neurons, a native current that appears to be TRPM4 dependent shows mild outward rectification like that reported here (42) .
In most previous studies, TRPM4 current has inactivated quickly, particularly at negative potentials (25, 31, 53, 54, 56, 57, 76, 79, 86 ; see also Ref. 41 ). The ciliary TRPM4-dependent current also inactivates in the presence of high cytoplasmic Ca 2ϩ , but relatively slowly (Fig. 8A, ) . In ChoK1 and HEK-293 cells, inactivation of exogenously expressed TRPM4 channels was greatly reduced by supplying cytoplasmic PIP 2 , which increased the sensitivity of the channels to cytoplasmic Ca 2ϩ (53, 86) . Inhibiting PLC, an enzyme that hydrolyzes PIP 2 , also strongly reduced inactivation (53), and we have observed a similar effect in the ciliary current (Fig. 8A, OE) . In contrast to other reports (53, 86) , though, we were unable to restore the ciliary current by incubating the cilium with MgATP (Fig. 8A, at 480 ms) . This incubation is believed to facilitate the synthesis of PIP 2 (53, 86) . In the cilium, three properties of the TRPM4-dependent current suggest that it may be somewhat desensitized from the moment the cilium is excised: the sensitivity to cytoplasmic Ca 2ϩ is low (Fig. 1B) ; the rate of inactivation is slow (Fig. 8A) ; and the inactivation is only weakly voltage-dependent (Fig. 7) . The ineffectiveness of MgATP in restoring the TRPM4 current may indicate that an enzyme or substrate required for the production of PIP 2 is not abundant in the primary cilia of mIMCD-3 cells. Recent evidence indicates that absence of Ca 2ϩ buffering also contributes to inactivation of TRPM4 (25), but we have not examined that.
At lower concentrations of cytoplasmic Ca 2ϩ , we observed current fluctuations consistent with the presence of TRPM4 channels (Fig. 4) . The average single-channel conductance of the ciliary channels was 23 pS, which matches values reported elsewhere for TRPM4 (22-25 pS) (2, 19, 29, 41, 54) . Like other TRPM4 channels (2, 19, 41, 55) , these channels conduct Na ϩ and K ϩ but not Cl Ϫ or Ca 2ϩ . The relative cationic permeability P K /P Na for native TRPM4-dependent channels in primary cilia is 1.42, which is somewhat higher than the values reported in HEK-293 cells (0.84 and 0.87) (2, 55) . In primary cilia, the single-channel conductance was voltage dependent, being 17 pS at negative potentials and 31 pS at positive potentials (Fig. 4B) . This rectification closely matches that seen in the macroscopic currents (Fig. 1A) . In most other reports, the unitary conductance has been linear over a similar range of (Table 1 , unbuffered Ca 2ϩ ). For each cilium, a leak current was subtracted; this was measured in a cytoplasmic solution with 0.1 M Ca 2ϩ (Table 1) at 330 ms. Currents for each cilium were also normalized to the largest current recorded for that cilium; this current was assigned a value of 100. The bar at the top indicates the changes in cytoplasmic solution as follows: 1 mM Ca 2ϩ (black); 0.1 M Ca 2ϩ (white); 0.1 M Ca 2ϩ ϩ4 mM MgATP (gray). For the cilia represented by OE, the cytoplasmic solutions also contained 5 M U-73122. The data shown as are averages from 10 cilia; OE represent 6 cilia. B: normalized TRPM4 current as a function of free [Ca 2ϩ ]in at ϩ100 and Ϫ100 mV in the presence of 5 M U-73122. For each cilium, every current measured was normalized to the current in 30 M cytoplasmic Ca 2ϩ at ϩ100 mV, which was assigned a value of 100. Leak current was subtracted as described in MATERIALS AND METHODS. Each line shown is the best fit to a Hill equation as described in the legend to Fig. 1. potentials (2, 19, 29) , although an S-shaped rectification has also been reported (41) . Most often, the outward rectification of the macroscopic current is attributed not to a voltage-dependent unitary conductance but to voltage dependence of channel gating (41, 54) . In one case, though, TRPM4 gating was found to be voltage independent (19) . Our initial results suggest that gating of the ciliary channel is also voltage dependent (Fig.  4A) . However, we were unable to directly measure the relationship between voltage and open probability of the single channels. A given cilium or membrane patch usually has numerous channels (e.g., Fig. 4A) , and the exact number of channels is not certain.
When we knocked down Trpm4 mRNA expression, cilia were 43% shorter and a smaller percentage of cells were ciliated (52 vs. 75%) compared with cells treated with the control shRNA. Many cells disassemble the cilium when dividing (66) , so seeing shorter cilia and fewer ciliated cells could result from a TRPM4-related increase in mitotic rate. Alternatively, TRPM4 may play a more direct role in the control of ciliary length, as several molecules (reviewed in Ref. 10 (21) showed that outward K ϩ currents through TRPM4 can facilitate Ca 2ϩ entry by repolarizing the plasma membrane. In excitable cells such as pancreatic ␤ cells (13, 47) , vascular smooth muscle cells (19, 69) , and pre-Bötzinger complex neurons (15), TRPM4-mediated depolarization promotes opening of voltage-dependent Ca 2ϩ channels. Studies in TRPM4 knockout animals (reviewed in Refs. 39 and 50) suggest that TRPM4 activity modulates blood pressure, the immune response, control of inflammation, formation of secondary hemorrhages, and the duration of the cardiac action potential. Many of these effects may be accounted for by the ability of TRPM4 to modulate the driving force for Ca 2ϩ entry. In humans, dominantly inherited mutations in TRPM4 underlie several diseases of cardiac conduction (39) .
In mIMCD-3 cells derived from renal epithelium, we have found TRPM4 in both the primary cilium and the cytoplasmic membrane. A given protein may serve different functions in the cell membrane and in the cilium (3, 49, 62) , and we do not yet know the function of TRPM4 in either compartment. mIMCD-3 cells are considered nonexcitable, but TRPM4 in the primary cilium may function as it does in excitable cells. The cilia of mIMCD-3 cells have TRPP2-dependent channels (44) , which, like TRPM4, are activated by cytoplasmic Ca 2ϩ (38, 80) . Like the voltage-gated Ca 2ϩ channels of excitable cells, TRPP2 is activated by depolarization (5) and conducts Ca 2ϩ (27, 30) . Evidence suggests that TRPP2 is gated when the cilia are deflected by flow in the renal filtrate (52) . TRPP2 should then allow Ca 2ϩ to enter the cilium. This should in turn activate TRPM4, which should further depolarize the cilium. This depolarization should have two competing effects. It should increase the open probability of TRPP2, which would promote further Ca 2ϩ influx. At the same time, depolarization should decrease the driving force for Ca 2ϩ entry, which would tend to reduce the influx of Ca 2ϩ through TRPP2 channels. This model assumes that intraciliary Ca 2ϩ can reach levels sufficient to gate TRPM4 channels. The sensitivity of TRPM4 to cytoplasmic Ca 2ϩ varies greatly depending on the level of PIP 2 (53, 86) . When hydrolysis of PIP 2 is inhibited, the ciliary TRPM4 channel is activated by Ca 2ϩ concentrations of a few micromolar (Fig. 8B) . Because of the cilium's high surface-tovolume ratio, a modest influx of Ca 2ϩ can easily bring intraciliary Ca 2ϩ to very high levels. In olfactory cilia, internal Ca 2ϩ reaches at least 100 M during the odor response (17) . This would be more than sufficient to activate the ciliary TRPM4 channels in their more sensitive state. Ca 2ϩ signaling within renal epithelial cells is influential in the development of renal cysts (12, 62) . As noted elsewhere (12) , molecules that influence this signaling are attractive targets for pharmacological intervention in polycystic kidney disease. It now seems likely that the TRPM4 channel is among the molecules of interest.
